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This study investigated the influence of nanoscale implant surface features on osteoblast differentiation.
Titanium disks (20.0� 1.0 mm) with different nanoscale materials were prepared using sol–gel-derived
coatings and characterized by scanning electron microscopy, atomic force microscopy and analyzed by
X-ray Photoelectron Spectrometer. Human Mesenchymal Stem Cells (hMSCs) were cultured on the disks
for 3–28 days. The levels of ALP, BSP, Runx2, OCN, OPG, and OSX mRNA and a panel of 76 genes related to
osteogenesis were evaluated. Topographical and chemical evaluation confirmed nanoscale features
present on the coated surfaces only. Bone-specific mRNAs were increased on surfaces with superimposed
nanoscale features compared to Machined (M) and Acid etched (Ac). At day 14, OSX mRNA levels were
increased by 2-, 3.5-, 4- and 3-fold for Anatase (An), Rutile (Ru), Alumina (Al), and Zirconia (Zr),
respectively. OSX expression levels for M and Ac approximated baseline levels. At days 14 and 28 the BSP
relative mRNA expression was significantly up-regulated for all surfaces with nanoscale coated features
(up to 45-fold increase for Al). The PCR array showed an up-regulation on Al coated implants when
compared to M. An improved response of cells adhered to nanostructured-coated implant surfaces was
represented by increased OSX and BSP expressions. Furthermore, nanostructured surfaces produced
using aluminum oxide significantly enhanced the hMSC gene expression representative of osteoblast
differentiation. Nanoscale features on Ti implant substrates may improve the osseointegration response
by altering adherent cell response.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Implant surfaces have been developed in the last decade in
a concentrated effort to provide bone in a faster and improved
osseointegration process [1–7]. Many studies have focused on surface
characteristics and chemical composition as a way to control bone
healing around dental implants [8–15]. The cellular mechanisms
involved in this faster and improved osseointegration are yet to be
fully determined. Surfaces with imparted implant surface micro-
topography improve cell attachment and differentiation [16,17].
Suggested is the signaled alteration in adherent cell gene expression.
Several investigators have revealed that nanoscale topography also
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influences cell adhesion and osteoblastic differentiation [18,19]. These
findings reiterate observations demonstrating that nanotopography
may directly influence adherent cell behavior [4,5,20–23].

Nanotechnology can alter the implant surface at an atomic level
[24] and may influence the chemical composition of these surfaces
[4]. Different chemical elements can be added to the implant surface,
and biomolecules, such as BMP2 or FGF, can be applied and cova-
lently bonded to the Ti implant surface [25]. The benefits of using
nanotechnology on dental implants have been proved both in vitro
and in vivo [1,4,5,20–23]. These studies using animal and cell culture
models implicate a role for nanocues in directing osteoblast differ-
entiation. These effects may be related to an alteration in protein
adsorption onto the surface [22]. Through surface protein change or
direct cell interaction, nanoscale topography is able to affect an
increase in the expression of bone-related transcription factors such
as Runx2 and Osterix (Osx) that can drive mesenchymal stem cell
(MSC) differentiation along the osteoblastic pathway [4,26].
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The aim of this study was to investigate the behavior of hMSCs
cultured on titanium implants with nanoscale features for up to 28
days. We also evaluated the gene expression profile of these cells by
PCR array. The hypothesis was that the nanoscale features on the
surface can module the gene expression and control the osteoblast
differentiation compared to machined implant surface. In this
study, detailed evaluation of nanoscale aluminum oxide coated
implant led to an increased expression of 33 osteoblastic differen-
tiation related genes compared to machined surfaces. Titanium
disks coated with nanoscale features of each aluminum, titanium or
zirconium presented an increased expression of Osx and Bone
sialoprotein (BSP) over a 28-day period of culture of adherent
human mesenchymal stem cells (hMSCs). It is possible that nano-
scale surface topography can influence the osteoinductive program
of gene expression in mesenchymal stem cells.

2. Materials and methods

2.1. Surface preparation

Commercial pure grade IV titanium disks (20.0�1.0 mm) were prepared by
machining, and cleaned by sonicating in acetone and subsequently water three
times for 15 min each. The disks were treated by coating with a titanium (TiO2),
zirconium (ZrO2), or aluminum oxide (Al2O3) nanocoating. The coated surfaces were
prepared by dip coating the disks in a Titanium, Zirconium or Aluminum sol–gel.
These sol–gel reactions were prepared using the polymeric method [27] in
a controlled temperature. The disks were cleaned by sonicating three times in
acetone followed by water for 15 min each. Another set of disks was machined only
and composed the Machined (M) group. The disks were cleaned by sonicating in
acetone followed by water, as described above, and then were passivated with 30%
HNO3 for 5 min. A sixth group was composed of disks that after machining were
grit-blasted with 100 mm aluminum oxide particles, and cleaned by sonicating three
times in acetone, followed by water for 15 min each, followed by immersion in HCl
solution (Fisher Scientific Inc., Pittsburgh, PA) overnight, and then passivated with
30% HNO3 for 5 min. This treatment imparted a micron scale surface topography
[28]. The disks were divided into six groups: machined (M), acid etched (Ac), Titania-
Anatse (An), Titania-Rutile (Ru), Alumina (Al), and Zirconia (Zr) nanocoating.

2.2. Surface analysis

The surface of the disks was examined by high-resolution scanning electron
microscopy (Field Emission Scanning Electron Microscope (FEG-SEM), Hitachi
S-4700, Tokyo, Japan) and atomic force microscopy (Nanoscope IIIA atomic force
microscope, Digital Instruments, Santa Barbara, CA,). Observations were made at
three different points on the disk surfaces, and average values were calculated. XPS
spectra were recorded on a Kratos Axis Ultra spectrometer with a concentric
hemispherical analyzer and a delay line detector. Monochromatic Al Ka X-rays were
used at 150 W, and the chamber base pressure was less than 10�8 torr. Survey
spectra were obtained at a pass energy of 80 eV and a step size of 1 eV, while high-
resolution elemental scans were taken at a pass energy of 20 eV and a step size of
0.1 eV. All spectra were corrected for the adventitious C 1s peak at 284.6 eV.

2.3. Cell culture

Human mesenchymal stem cells (hMSCs) P2 were purchased (Lonza) and
cultured in accordance with published protocols [29]. Growth media included
Dulbecco’s modified eagle medium Low glucose (LG-DMEM) (Gibco) supplemented
with 10% fetal bovine serum (FBS) and antibiotic/antimycotic (penicillin/strepto-
mycin/amphotericin B, Sigma). Osteogenic media includes LG-DMEM (Gibco,
#11885) supplemented with 10% FBS and antibiotic/antimycotic and the osteogenic
supplements 10�7

M dexamethasone (Sigma), 10 mM glycerophosphate (Sigma
G9891) and 0.2 mM ascorbic acid (Sigma). Passage 2 cells were plated at low density
and grown until 80% confluent. Cells were subsequently passaged onto prepared
titanium disks using 100,000 cells in 250 ml of growth media. The formed meniscus
was left undisturbed to permit cell attachment over 4 h and subsequently additional
growth media were applied. Following overnight incubation, cultures were carefully
rinsed and osteogenic media were placed in culture dishes. This represented the
starting time point (T¼ 0). The osteogenic media were replaced every third day.
Disks with adherent cell and forming tissue layers were collected on days 3, 7, 14,
and 28 for RNA isolation and gene expression analysis.

2.4. RNA isolation and quantification

For evaluation of adherent cell mRNA expression, titanium disks were rinsed
twice with cold phosphate buffered saline (PBS), and adherent cells were lysed using
Trizol (Invitrogen, Carlsbad, CA). Cell lysates were collected by centrifugation and
pipetting. Total RNA in the cell lysates was isolated using the Trizol according to the
manufacturer’s protocol and collected by ethanol precipitation. Total RNA was
quantified using UV spectrophotometry.

2.5. Real-time RT-PCR analysis

From each total RNA sample, cDNA was generated using RT2 First Strand Kit
reverse transcriptase (Superarray, Frederick, MD) in a standard 20 mL reaction using
1 mg of the total RNA. All cDNAs were subjected to polymerase chain reaction (PCR)
for GAPDH mRNA as a test of RNA integrity and cDNA synthesis. Subsequently, equal
volumes of cDNA were used to program real-time PCR reactions specific for mRNAs
encoding ALP, BSP, Runx2, OCN, OPN, and OSX. Reactions were performed using
a customized RT2 Profiler� PCR Arrays (CAPH-0398) (Superarray, Frederick, MD)
and thermocycling in an ABI 7200 real time thermocyler (Applied Biosystems, Foster
City, CA). Relative mRNA abundance was determined by the 2�DDCt method and
reported as fold induction. GAPDH abundance was used for normalization. The data
points analyzed were 3, 7, 14 and 28 days. Real-Time PCR was used to measure the
mRNA levels of ALP, BSP, Runx2, OCN, OPN, and OSX. The housekeeping gene GAPDH
was used as a control.

The effects of machined and nanoscale alumina on the osteoblast-specific gene
expression were further evaluated for 3, 7 and 14 days, by means of an array of
osteogenesis-related genes (human osteogenesis RT2 Profiler PCR array, PAHS-
0026A – SuperArray Bioscience, Frederick, MD) according to the manufacturer’s
instructions, and compared to the Machined surface. cDNA was prepared from 1 mg
total RNA by using a RT2 PCR array first strand kit (Superarray, Frederick, MD). A total
volume of 25 ml of PCR mixture, which included 12.5 ml of RT2 Real-Time SYBR Green/
ROX PCR master mix from SuperArray Bioscience (containing HotStart DNA poly-
merase, SYBR Green dye, and the ROX reference dye), 11.5 ml of double-distilled H2O,
and 1 ml of template cDNA, were loaded in each well of the PCR array. PCR ampli-
fication was conducted with an initial 10-min step at 95 �C followed by 40 cycles of
95 �C for 15 s and 60 �C for 1 min. The fluorescent signal from SYBR Green was
detected immediately after the extension step of each cycle, and the cycle at which
the product was first detectable was recorded as the cycle threshold. Data were
imported into an Excel database and analyzed using the comparative cycle threshold
method with normalization of the raw data to housekeeping genes including b2M,
hypoxanthine phosphoribosyltransferase 1, ribosomal protein L13a, GAPDH, and
ACTB (b-actin).

2.6. Statistical analysis

Descriptive statistics were calculated using SPSS software (SPSS 14.0, SPSS Inc.,
Chicago, IL, USA). The roughness parameter (Sa) was compared by one-way ANOVA
followed by Tukey Test. For the gene expression analysis, T-test was performed for
comparison of mRNA levels compared to M surfaces. For all statistical analysis
significance level was set at p< .05.

3. Results

3.1. Surface analysis

The surfaces in this study presented linear scale surface topo-
graphy. At low resolution, scanning electron micrographs suggest
the conservation of micron scale roughness between the Machined
and the nanostructured surface (M and An, Ru, Al and Zr) charac-
teristics. Acid etched surfaces possessed a unique micron scale
roughness (Figs. 1–6). High-resolution microscopy revealed the
presence of 20–30 nm nanofeatures on all four nanostructured
surfaces (An, Ru, Al and Zr) (Figs. 1–6). At high resolution, there are
few nanotopographic features on the M and Ac surfaces (Figs. 1–6).

Surface roughness parameters were obtained from the AFM
analysis and are described in Table 1. The roughness profile is shown
in Figs. 1–6. AFM images and resultant values for nanocoated
surfaces were comparable to Machined surfaces and resulted from
the coating process. At higher resolution, nanoscale features were
evident on the coated surfaces.

The XPS analysis demonstrated traces of different chemical
components on each surface (Table 2 and Fig. 7). On the M surface
traces of Mg, Zn, Na, Ca, S and Si were probably due to the
machining, polishing and cleaning processes. A high-resolution
analysis showed presence of Ti metallic and titanium oxide (TiO2) on
this surface. The Ac surface presented traces of Zn, Ca and S. The
high-resolution analysis also showed presence of Ti metallic and



Fig. 1. AFM and SEM evaluation of the Machined implant surface. (A) Surface roughness (AFM) for Machined. (B, C and D) SEM images at low and high magnification for the
Machined surface. At 50,000� and 100,000� magnification a very few nanofeatures are observed (C and D).
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titanium oxide (TiO2) on this surface. For the nanostructured
surfaces, the high-resolution scanning demonstrated that the tita-
nium on these surfaces was in oxide groups and no traces of tita-
nium metallic were found. They also demonstrated that aluminum
or zirconium found on Al and Zr surfaces were in oxide groups. For
the Al group, a high level of aluminum was found on this surface,
and Zr was observed at a high concentration on Zr group surfaces.
The small amount of Mg, Zn, N, Ca, P and Si found on these surfaces
was attributed to the cleaning/coating process. The amount of
titanium observed on Al and Zr surfaces also demonstrates that the
oxide surface is composed of titanium oxide and aluminum or
zirconium oxides, for Al and Zr, respectively.

Cells were successfully grown and expanded on all surfaces. Cell
layers were formed in multilayer and retraction from the disks was
not observed. From the cultures established with 100,000 cells,
there were sufficient numbers of cells present after 3, 7, 14 and 28
days for isolation of total RNA (>5 mg of total RNA) to perform the
arrayed real-time PCR reactions.

Initially, all six surfaces were evaluated regarding Runx2, OSX,
ALP, OCN, OPN, and BSP gene expression (Fig. 8). Subsequent
evaluation using a larger osteogenesis gene set was conducted.
Comparisons were performed to compare nanoscale alumina (Al)
to the machined (M) group (Table 3). Surface-specific gene regu-
lation was observed for most of the studied genes. One general
observation was that early differences among the surfaces (day 3 or
7) were often of lower magnitude than differences observed at 14
and 28 days. At day 3 no statistical difference was found among the
surfaces. After 14 days, adherent hMSCs growing on nano-
structured surfaces presented increased OSX and BSP relative
expression compared to M and Ac (Fig. 8).

The relative expression levels of Runx2 RNA, a key transcription
factor for osteoblast differentiation, were relatively unchanged
between surfaces (Fig. 8A). OSX mRNA (another key transcription
factor for osteoblast differentiation) levels were more than 2-fold
up-regulated at day 14 for An (2-fold), Ru (3.5-fold), Al (4-fold) and
Zr (3-fold) (Fig. 8B). OSX expression levels for M and Ac approxi-
mated baseline levels at all time points. ALP mRNA relative levels
for An, Al and Zr presented the highest level at day 28 (around 4-
fold increase) (Fig. 8C). OCN and OPN mRNA levels were constant
for all surfaces throughout the 28-day period of the experiment
(Fig. 8D and E). The only exception was for Al that presented an up-
regulation of 2.5-fold for both genes at day 28. At days 14 and 28 the
BSP relative mRNA expression was significantly up-regulated for all
nanostructured surfaces (up to 45-fold increase for Al) (Fig. 8F).

To begin to understand the potential mechanisms involved in the
regulatory effect of aluminum oxide nanoscale coating on human
mesenchymal stem cells, we screened an array of osteogenic-
specific genes. These genes were classified in groups of mRNAs
according to the known or proposed function of the encoded protein
(Table 3). The categories are: growth factors, transcription factors,
soluble ligand receptors, integrin receptors, bone matrix proteins,
cartilage-related genes, collagen, and TGF/BMP superfamily genes.
As shown in Table 3, from day 3 to day 7 an increasing number of
genes were up-regulated on nano-Al compared to machined. At day
3, 16 genes were up-regulated and six were down-regulated
compared to M 3d. At day 7, Al had 20 genes up-regulated and four
genes down-regulated, while M at day 7 presented 10 genes up-
regulated and one gene down-regulated. At 14 days, 25 genes were
up-regulated and three down-regulated on Al, and M had 14 genes
up-regulated and 7 genes down-regulated.

3.2. Transcription factors

In this study, we did not observe any significant change in Runt-
related transcription factor 2 (Runx2) mRNA relative levels on
either surface at any time point (Table 3). However, at day 14 we



Fig. 2. AFM and SEM evaluation of the Acid etched implant surface. (A) Surface roughness (AFM). (B, C and D) SEM images at low and high magnification. At 50,000� and 100,000�
magnification a very few nanofeatures are observed (C and D).

Fig. 3. AFM and SEM evaluation of the Anatase coated implant surface. (A) Surface roughness (AFM). (B, C and D) SEM images at low and high magnification. At 50,000� and
100,000� magnification the nanofeatures of the surface are evident (C and D).
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Fig. 4. AFM and SEM evaluation of the Rutile coated implant surface. (A) Surface roughness (AFM). (B, C and D) SEM images at low and high magnification. At 50,000� and
100,000� magnification the nanofeatures of the surface are evident (C and D).

Fig. 5. AFM and SEM evaluation of the Alumina coated implant surface. (A) Surface roughness (AFM). (B, C and D) SEM images at low and high magnification. At 50,000� and
100,000� magnification the nanofeatures of the surface are evident (C and D).

G. Mendonça et al. / Biomaterials 30 (2009) 4053–4062 4057



Fig. 6. AFM and SEM evaluation of the Zirconia coated implant surface. (A) Surface roughness (AFM). (B, C and D) SEM images at low and high magnification. At 50,000� and
100,000� magnification the nanofeatures of the surface are evident (C and D).
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could observe a slight increase of Runx2 levels for Al. The nuclear
factor kappa B (NFkB) encoding mRNA was 2.0-fold increase on Al
surfaces, and the expression for Msh homeobox 1 mRNA was
decreased at all time points for both surfaces (12.5-fold decreased
for M at day 14). In this study no change for the SMAD family gene
expression was noted (SMAD1-4).

3.3. TGF/BMP superfamily

For the TGF/BMP superfamily an increasing up-regulation for
Bone morphogenetic protein 2 (BMP2) mRNA relative expression
was observed on adherent hMSCs growing on Al surface, 2.4-, 4.4-
and 6.5-fold increase at days 3, 7 and 14, respectively. At the same
time points we did not observe any changes on the BMP2 levels on
the M surface. The bone morphogenetic protein 5 (BMP5) levels
were also increased on Al surface but not on M at any time point.
Bone morphogenetic protein 4 (BMP4) mRNA levels were increased
on Al at day 7 (3.3-fold) and 14 (6.3-fold), and M at day 14 (3.1-fold).
It was also found an increased mRNA expression level for trans-
forming growth factor b1 (TGFb1) mRNA on Al surfaces at all time
points (up to 3.2-fold at day 14) and M at day 14 only (2.2-fold
increase).
Table 1
Surface roughness from atomical force microscopy. Results show mean values� standar

Surfaces Machined Acid etched Anatase

Roughness parameters Mean �SD Mean �SD Mean

Sa (nm) 95.2 6.9 377.7 36.3 122.7
Sq (nm) 124.0 9.6 463.7 26.6 159.3
Ssk 0.4 0.4 �0.2 0.3 �0.1
Sku 1.1 0.0 �0.4 0.4 2.1
3.4. Growth factors

Fibroblast growth factor 3 (FGF3) mRNA was increased at days 3
and 7 on Al surfaces, on the other hand, Insulin-like growth factor 1
(IGF1) mRNA was 9-fold down-regulated on M surface at day 14.
This same gene (IGF1) mRNA expression was increased on Al
surface at day 7. Platelet-derived growth factor alpha polypeptide
(PDGFA) and Vascular endothelial growth factor A (VEGFA) mRNA
levels were up-regulated at day 3 (3-fold for PDGFA and 2.1-fold for
VEGFA) and 7 (2.2-fold for PDGFA and 2.1-fold for VEGFA) on Al
surfaces. It was also found a 3.4-fold increase in PDGFA at day 14 on
hMSCs adherent to Al disks.

3.5. Soluble ligand receptors

The expression level of 14 mRNAs encoding receptors associated
with different functions during cell differentiation is shown in Table
3. Calcitonin receptor mRNA expression levels were increased on Al
surfaces at all time points. Fms-related tyrosine kinase 1 (FLT1)
mRNA presented an increased expression on Al compared to
Machined at days 7 and 14. Epidermal growth factor receptor
(EGFR) and Transforming growth factor beta receptor II (TGFBR2)
d deviations.

Rutile Alumina Zirconia

�SD Mean �SD Mean �SD Mean �SD

1.2 101.5 14.9 108.0 21.0 73.6 19.4
8.5 133.9 23.4 151.3 32.7 101.7 28.4
0.2 0.4 0.4 0.7 0.5 �0.9 0.2
2.7 1.4 0.6 4.0 1.5 3.7 0.9



Table 2
Ion composition data from XPS analyses.

Atomic concentration %

Mg 1s Zn 2p Na 1s N 1s Ca 2p S 2p P 2p Si 2p Al 2p Zr 3d O 1s C 1s Ti 2p

Machined 0.7 3.66 0.61 0.59 3.15 54.68 26.61 10.01
Acid etched 0.89 0.3 0.8 56.93 18.33 22.76
Anatase 0.55 0.43 0.28 61.11 13.63 24
Rutile 0.24 0.66 0.93 60.5 18.63 19.05
Alumina 0.48 0.09 1.34 0.48 0.61 1.99 7.7 52.01 25.47 9.84
Zirconia 0.74 1.28 11.61 57.04 21.28 8.05
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were also up-regulated on Al surfaces compared to M surfaces at all
time points.
3.6. Integrin receptors

Integrin a1 and integrin a2 mRNA levels were increased on
adherent cells plated on Al surfaces at the earliest time point, with
up to 2.2- and 2.8-fold increase for the integrin a1 and integrin a2
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3.7. Collagen genes

Collagen type I a2 was increased at all time points. We also found
an increased mRNA expression levels for collagen type XI a1 for Al
only at days 7 and 14, and an up-regulation at day 14 for collagen
type X a1 for both surfaces. Collagen type II a1 mRNA levels, which
are the major components of the ECM in cartilage, were not detected
on adherent hMSCs on both surfaces at any time point.

3.8. Bone matrix proteins

Table 3 shows the expression of several bone matrix mRNAs. The
level of biglycan (BGN) mRNA was up-regulated at days 3, 7 and 14
on Al compared to M at all time points. At day 14 this gene reached
the peak of 3.1-fold increase for Al. Osteocalcin mRNA levels were
also increased on Al, but on day 7 its levels on M reached up to 8.6-
fold increase. In this study, alkaline phosphatase mRNA relative
expression was increased on M surface in all time points.

3.9. Cartilage-related genes

Two cartilage-related genes were also evaluated in this study.
Cartilage oligomeric matrix protein (COMP) mRNA levels were
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Table 3
Up and down-regulated genes on machined and alumina surfaces at days 3, 7 and 14 (normalized with machined day 3 and presented as fold change). *Significantly different at
p� 0.05. **Significantly different at p� 0.001.

Symbol Description Alumina 3d Machined 7d Alumina 7d Machined 14d Alumina 14d

Bone matrix proteins
ALPL Alkaline phosphatase, liver/bone/kidney �3.0* 5.4 �1.4 2.3 1.7
BGLAP Osteocalcin 2.2* 8.6 2.6* 1.9 3.3*
BGN Biglycan 1.8 1.4 2.2* 1.7 3.2*

BMP superfamily
BMP2 Bone morphogenetic protein 2 2.4 1.8 4.5* 1.3 6.5*
BMP4 Bone morphogenetic protein 4 2.0 1.5 3.3* 3.1* 6.4**
BMP5 Bone morphogenetic protein 5 2.0 1.2 1.9 1.4 4.0
BMP6 Bone morphogenetic protein 6 �2.2 �3.2 �14.2* �8.9* �5.7
GDF10 Growth differentiation factor 10 2.2 2.2 2.2 1.1 2.1
TGFB1 Transforming growth factor, beta 1 2.9** 1.7 2.0* 2.2* 3.2*
TGFB2 Transforming growth factor, beta 2 1.9 �1.1 1.1 �1.1 1.3
TGFB3 Transforming growth factor, beta 3 1.2 1.1 �1.4 �2.2* �1.7

Receptors
CD36 CD36 molecule (thrombospondin receptor) 1.6 �1.1 1.3 �1.4 4.0*
CDH11 Cadherin 11, type 2, OB-cadherin 2.1* 1.1 2.8* 1.2 2.7*
EGFR Epidermal growth factor receptor 2.3 1.7 2.5* 2.5* 3.5*
FGFR1 Fibroblast growth factor receptor 1 �1.2 1.3 1.5 �1.1 1.3
FGFR2 Fibroblast growth factor receptor 2 1.4 �1.5 1.2 �2.5* 1.3
FLT1 Fms-related tyrosine kinase 1 1.6 3.8 * 4.2 * 2.3 3.9
ICAM1 Intercellular adhesion molecule 1 (CD54) �1.8 3.0* 1.6 4.0* 1.9
SCARB1 Scavenger receptor class B, member 1 �3.8* 1.5 �1.2 1.2 �1.6
TGFBR1 Transforming growth factor, beta receptor I 1.0 �1.3 �1.3 �1.3 �1.2
TGFBR2 Transforming growth factor, beta receptor II 2.8* 2.5* 2.7 2.8* 3.4*
VCAM1 Vascular cell adhesion molecule 1 1.5 1.6 3.7** 1.7 2.4*
VDR Vitamin D (1,25- dihydroxyvitamin D3) receptor 1.4 �1.1 1.4 �1.2 1.5
IGF1R Insulin-like growth factor 1 receptor �1.1 �1.2 �1.6 �1.2 1.5
PHEX Phosphate regulating endopeptidase homolog, X-linked 1.0 2.0* 2.4* 2.2 3.4*

Growth factors
EGF Epidermal growth factor (beta-urogastrone) �1.0 �1.6 1.1 �1.0 �1.6
FGF1 Fibroblast growth factor 1 (acidic) 1.6 �1.3 �1.8 1.5 1.1
FGF2 Fibroblast growth factor 2 (basic) 1.6 1.5 �1.3 1.7 1.4
IGF1 Insulin-like growth factor 1 (somatomedin C) �2.6* �1.1 2.1* �9.5* 1.8
IGF2 Insulin-like growth factor 2 (somatomedin A) �1.9 2.0 2.1 1.2 1.5
PDGFA Platelet-derived growth factor alpha 3.0** 2.0* 2.2 2.9* 3.4*
VEGFA Vascular endothelial growth factor A 2.1 1.1 2.1** 1.2 1.6
VEGFB Vascular endothelial growth factor B �1.7 1.2 1.4 1.1 2.9 *

Integrin receptors
ITGA1 Integrin, alpha 1 2.2* 1.6 1.1 1.6 2.3
ITGA2 Integrin, alpha 2 2.8 �1.1 �1.8 1.3 1.1
ITGA3 Integrin, alpha 3 1.5 3.2* 2.7* 3.6* 3.5*
ITGB1 Integrin, beta 1 1.2 �1.2 1.0 1.1 1.2

Collagen
COL10A1 Collagen, type X, alpha 1 �1.5 1.4 1.5 6.7* 5.5*
COL11A1 Collagen, type XI, alpha 1 1.7 1.4 2.3* 1.4 3.1*
COL12A1 Collagen, type XII, alpha 1 1.6 1.1 1.5 1.0 1.9
COL14A1 Collagen, type XIV, alpha 1 1.5 �1.6 �1.4 �2.5* �1.1
COL15A1 Collagen, type XV, alpha 1 2.5* �1.9 1.2 2.7* 2.4*
COL1A1 Collagen, type I, alpha 1 1.2 �1.1 1.0 �1.1 �1.2
COL1A2 Collagen, type I, alpha 2 2.9* 1.2 2.8* 2.2* 3.1*
COL2A1 Collagen, type II, alpha 1 1.3 1.0 1.8 �1.2 1.5
COL3A1 Collagen, type III, alpha 1 1.1 1.2 �1.7 �1.3 1.1
COL4A3 Collagen, type IV, alpha 3 �1.2 1.7 1.0 2.8 1.3
COL5A1 Collagen, type V, alpha 1 1.7 �1.1 1.2 1.2 1.3

Cartilage-related genes
COMP Cartilage oligomeric matrix protein 1.9 1.1 2.3* 1.2 4.1*
SOX9 SRY (sex determining region Y)-box 9 1.6 �1.5 1.4 �1.8 1.1

Metalloproteinases
BMP1 Bone morphogenetic protein 1 1.9 1.3 1.8 1.1 3.2*
MINPP1 Multiple inositol polyphosphate histidine phosphatase, 1 1.1 �1.1 1.2 �1.0 1.2
MMP10 Matrix metallopeptidase 10 (stromelysin 2) 2.0 1.2 �1.2 �2.2 1.5
MMP2 Matrix metallopeptidase 2 1.5 1.2 1.2 1.1 1.7
MMP8 Matrix metallopeptidase 8 �7.1* 1.3 �2.9* �1.0 �5.0*
MMP9 Matrix metallopeptidase 9 1.7 �1.9 1.7 �1.5 1.3

Transcription factors
MSX1 Msh homeobox 1 �5.2 �1.8 �6.3 �12.5 �2.2
NFKB1 Nuclear factor of kappa in B-cells 1 (p105) 1.4 1.2 1.7 1.8 2.1
RUNX2 Runt-related transcription factor 2 1.3 1.2 1.5 �1.2 1.9
SMAD1 SMAD family member 1 1.1 �1.1 1.0 �1.6 1.2
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Table 3 (continued )

Symbol Description Alumina 3d Machined 7d Alumina 7d Machined 14d Alumina 14d

SMAD2 SMAD family member 2 1.6 1.5 1.8 1.4 1.9
SMAD3 SMAD family member 3 1.5 1.9 1.8 1.9 1.8
SMAD4 SMAD family member 4 1.3 �1.2 1.1 �1.3 �1.1
TWIST1 Twist homolog 1 1.7 1.5 �5.5 1.1 1.4

Other genes
CTSK Cathepsin K 1.7 1.5 2.8* 3.0* 7.3*
FN1 Fibronectin 1 2.1* 1.3 1.4 1.7 2.0*
SERPINH1 Heat shock protein 47 2.3* 1.2 1.8 1.4 1.6
STATH Statherin 4.3* 2.4 2.7* 2.4 4.1*
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increased on Al at days 7 and 14 (4.0-fold) and had no changes on M
surface. The Sox9 mRNA expression was not observed in this study.

3.10. Other genes

Other genes evaluated in this study were: Cathepsin K (CTSK),
Fibronectin 1 (FN1), and Heat shock protein 47 (HSP47). CTSK
mRNA expression levels increased up to 7.3-fold for Al and 3-fold
for M at day 14. FN1 expression levels were increased for Al surfaces
at days 3 (2-fold) and 14 (2-fold).

4. Discussion

This investigation of osteoblast-specific gene expression of
hMSCs adherent to different surface topographies indicates there
are changes that may be attributable to the scale magnitude of
surface topographic features. Human MSCs that were differentiated
into the osteoblastic lineage were evaluated with respect to the
effects of a surface with nanoscale features on the gene expression
profile. Distinct pattern of gene regulation was observed for cells on
micron versus nanoscale topographic substrates. This is revealed
prominently for OSX and BSP. The changes in mRNA levels observed
in this study are attributed to an enhanced effect of nanostructured
surfaces on osteoblast differentiation. Other studies have demon-
strated its beneficial effects on osteoblast differentiation and bone
accrual around dental implants in vivo and in vitro [4,5,7,26]. This
study also demonstrated that the chemical composition of the
surface could be altered, by adding aluminum or zirconium onto
the surface (Fig. 7 and Table 2). The nanofeatures on the surfaces
were around 20–50 nm and did not change significantly the micron
scale roughness of the Machined surface.

Alumina nanoscale topography elicited a distinct response
from Machined and Acid etched surfaces and this difference was
exploited further. In an effort to identify further nanoscale specific
responses of differentiating hMSCs, 76 genes related to osteoblast
differentiation and mineralized tissue formation were examined.
In all cases of comparison, the nanoscale Alumina surface
promoted more prominent osteoblastic gene expressions than the
Machined surface. Induction of osteoblastic differentiation was
revealed by all classes of genes explored (Fig. 8 and Table 3).
Expression of Cartilage oligomeric matrix protein (COMP) was
greater on nanoscale Al surfaces. COMP is an important compo-
nent of endochondral ossification, but it was also demonstrated to
be expressed by osteoblasts in embryonic and adult tissues, but
not in osteocytes [30]. Collagen type I a2 (major component of
bone tissue) was up-regulated on Al surface at all time points, and
increased on M only at day 14. BMP1 or procollagen C proteinase,
which is an enzyme responsible for removal of the C-terminal
procollagen propeptides of the major fibrillar collagen types I–III,
is a secreted metalloprotease requiring calcium and needed for
cartilage and bone formation [31,32] and it was also up-regulated
on Al surfaces at day 14.
Regarding the TGF/BMP superfamily, increased BMP2 and BMP4
expression was noted for the Al surface at all time points. BMP5 was
also highly expressed at days 3 and 14 for Al. For the M surface we
only observed an increase in BMP4 expression at day 14. Ho and
colleagues [33], suggested that BMP5 is required not only for
skeletal patterning during embryonic development but also for
bone response and remodeling to mechanical stimulation, which
may be important for the implant/bone interface withstand the
loading. TGFb1, another factor involved in osteoblast proliferation
and differentiation [34], was also up-regulated on Al at all time
points, but only at day 14 on M. Although we observed this increase
in TGF/BMP superfamily genes, we did not observe any significant
changes in the SMAD transcription factor genes.

Otomo and colleagues [35], demonstrated that disruption of the
FLT1 tyrosine kinase domain gene (FLT1(TK�/�)) led to significant
reduction in the mineralizing surface, mineral apposition rate, and
bone formation rate in the trabecular bone of the proximal tibiae of
FLT1(TK�/�) mice compared with those in (FLT1(TKþ/þ)) mice. In
our study the levels of FLT1 were increased in both surfaces at days
7 and 14, but at day 14 the mRNA expression levels for Al (3.9-fold)
was higher than for M (2.3-fold). Mayer and colleagues [36] eval-
uated the expression of vascular endothelial growth factor (VEGFA)
expression in hMSCs and the role of VEGF signaling in modulation
of osteogenic differentiation. The authors found that transcripts for
VEGFA were elevated during osteogenesis. High expression of
VEGFA stimulated mineralization [36]. They suggested that VEGFA
acts as autocrine factor for osteoblast differentiation. Here, the
levels of VEGFA were increased on Al at days 3 and day 7 and the
levels of VEGFB were increased at day 14. Importantly, no changes
were observed for these genes on M surface.

For the genes related to the bone matrix, increased expression of
ALP for M was recorded at all time points. Osteocalcin mRNA levels
were increased in adherent cells growing on Al surface at all time
points, but at day 7 it reached its highest levels on M (8.6-fold).
However, according to Kotobuki and colleagues [37], they sug-
gested that OCN expression at the gene level does not lead to matrix
mineralization.

In the present study, the modeled process of osseointegration
could be differentiated as a function of surface topography at the
nanoscale level. The in vitro molecular data, obtained for Al2O3,
when compared with machined cpTitanium implant surfaces indi-
cated greater osteoblastic differentiation through increased osteo-
blast-specific gene expression. A systematic investigation of how
nanoscale topography of a given bulk chemistry affects adherent cell
behavior related to osseointegration is indicated. The present data
cannot explicitly distinguish between chemical and nanotopo-
graphic effects. Similarities among all four coated surfaces were
observed and they were distinguished from M and Ac surfaces.
Other recent studies have shown that the size and characteristics of
the features may be more important than chemical composition
effects alone [5]. Therefore, nanoscale features (nanocues) play an
important role in the osteoblast-specific gene expression.
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5. Conclusion

An improved response of hMSCs on titanium implant surfaces
with defined nanoscale features was observed as increased OSX
and BSP mRNA expression. Further, it was demonstrated that the
aluminum oxide nanoscale feature surface significantly changed
the hMSCs gene expression pattern towards an up-regulation in
osteoblast differentiation. These surfaces may be able to improve
the osseointegration response providing a faster and more reliable
bone to implant contact.
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